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ABSTRACT
We present a detailed investigation of the γ-ray emission in the vicinity of the supernova
remnant (SNR) W28 (G6.4−0.1) observed by the Large Area Telescope (LAT) onboard the
Fermi Gamma-ray Space Telescope. We detected significant γ-ray emission spatially coincident
with TeV sources HESS J1800−240A, B, and C, located outside the radio boundary of the
SNR. Their spectra in the 2–100 GeV band are consistent with the extrapolation of the power-
law spectra of the TeV sources. We also identified a new source of GeV emission, dubbed
Source W, which lies outside the boundary of TeV sources and coincides with radio emission
from the western part of W28. All of the GeV γ-ray sources overlap with molecular clouds in
the velocity range from 0 to 20 km s−1. Under the assumption that the γ-ray emission towards
HESS J1800−240A, B, and C comes from pi0 decay due to the interaction between the molecular
clouds and cosmic rays (CRs) escaping from W28, they can be naturally explained by a single
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model in which the CR diffusion coefficient is smaller than the theoretical expectation in the
interstellar space. The total energy of the CRs escaping from W28 is constrained through the
same modeling to be larger than ∼ 2 × 1049 erg. The emission from Source W can also be
explained with the same CR escape scenario.
Subject headings: acceleration of particles — cosmic rays — diffusion — ISM: supernova
remnant — gamma-rays: ISM
1. Introduction
Diffusive shock acceleration (DSA) operating at the shocks of supernova remnants (SNRs; Reynolds
2008, and references therein) is the most likely mechanism to convert the kinetic energy released by su-
pernova explosions into high energy particles (cosmic rays; CRs) that obey a power-law type distribution.
Evidence of the CR proton acceleration in SNRs has emerged from the detection of GeV γ rays from some
SNRs interacting with molecular clouds such as W51C, W44, and IC 443 (Abdo et al. 2009b, 2010a,b)
by the Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Telescope. The intense GeV
emission from those SNRs is naturally explained by pi0 decay produced in inelastic collisions of the accel-
erated protons with dense gas. This was recently confirmed by the detection of the characteristic spectral
feature produced by the decay of pi0s in W44 and IC 443 (Giuliani et al. 2011; Ackermann et al. 2013). In
DSA theory, CRs accelerated at the shock are scattered by self-generated magnetic turbulence. Since the
highest-energy CRs in the shock precursor at the upstream are prone to lack self-generated turbulence, they
are expected to escape from the shock (Ptuskin & Zirakashvili 2003). However, it has been unclear how the
CRs escape from SNRs and propagate into the interstellar medium (ISM) because the interplay among the
CRs, the magnetic turbulence, and the surrounding environment of SNRs is not well understood.
If an SNR is in a dense environment, we can expect an enhancement of the pi0-decay γ rays from
molecular clouds illuminated by the escaping CRs in the vicinity of the SNR (Aharonian & Atoyan 1996;
Gabici et al. 2007). For example, the γ-ray emissions near middle-aged SNRs G8.7−0.1 and W44 are nat-
urally explained by the above scenario (Ajello et al. 2012; Uchiyama et al. 2012). The energy dependence
of the diffusion coefficient of the CRs alters their spectrum, which affects the spectral shape of the resulting
γ-ray emission (Aharonian & Atoyan 1996; Gabici et al. 2009; Ohira et al. 2011). Thus, we can constrain
the diffusion coefficient by measuring the wide-band γ-ray spectrum of the emission around SNRs.
W28 (also known as G6.4−0.1) is a mixed-morphology SNR whose age is estimated to be (3.5–
15) × 104 yr (Kaspi et al. 1993). In this paper, we adopted the same age of 4× 104 yr as used in Abdo et al.
(2010c). The SNR is located within a molecular cloud complex with a mass of 1.4 × 106 M⊙ (Reach et al.
2005) and interacts with some parts of the cloud, traced by the detection of OH (1720 MHz) masers (Frail et al.
1994; Claussen et al. 1997, 1999). Observations of molecular lines placed W28 at a distance of∼1.9 kpc (Velázquez et al.
2002). GeV γ-ray emission associated with W28 has been detected by the LAT and the Gamma-Ray Image
Detector (GRID) onboard AGILE (Tavani et al. 2008). A natural explanation is the decay of pi0s due to the in-
teraction of the cloud and CRs accelerated in the SNR (Abdo et al. 2010c; Giuliani et al. 2010). W28 is con-
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sidered to have entered the radiative phase (Lozinskaya 1992) as indicated by optical filaments (Lozinskaya
1974). Thus, we can expect that CRs have escaped into the surrounding ambient medium.
H.E.S.S. observations of W28 have revealed four TeV γ-ray sources (Aharonian et al. 2008): HESS J1801−233,
located along the northeastern boundary of W28, and a complex of three sources, HESS J1800−240A, B,
and C, located to the south, outside the radio boundary. The southern H.E.S.S. sources spatially correspond
with molecular clouds whose distances are consistent with that of W28 (Aharonian et al. 2008), suggest-
ing the possibility that their origins are due to runaway CRs from the SNR. Thus, this region is one of the
best sites to study CR diffusion. Although Abdo et al. (2010c) detected only one source associated with
HESS J1800−240B in the first year of observations, there are two LAT sources in the southern region listed
in the second Fermi-LAT catalog (2FGL; Nolan et al. 2012). If the GeV and TeV emissions originate from
CRs escaping from W28, we can constrain the diffusion coefficient of the particles in this region.
In this paper, we report a detailed analysis of the LAT sources surrounding W28, based on 4 years of
data. First, we give a brief description of the observations and data selection in Section 2. The analysis
procedure and results are presented in Section 3, along with the spectra of the LAT sources. The discussion
is given in Section 4 followed by conclusions in Section 5.
2. Observations and Data Reduction
The LAT is the main instrument of Fermi, detecting γ rays by conversion into electron-positron pairs
in the energy range from ∼ 20 MeV to > 300 GeV (Atwood et al. 2009). It contains a high-resolution
converter/tracker for direction measurement of the incident γ rays, a CsI (TI) crystal calorimeter for energy
measurement, and an anti-coincidence detector to identify the background of charged particles. The LAT
has a large effective area (∼ 7500 cm2 on-axis for > 2 GeV), a wide field of view (∼ 2.4 sr), and a good
point-spread function (PSF; the 68% containment angle at > 2 GeV is smaller than ∼ 0.◦6). The on-orbit
calibration, event classification and instrument performance are described in detail in Abdo et al. (2009a).
We have analyzed 4 years of data within the energy range 2–100 GeV in the vicinity of W28, collected
from 2008 August 4 to 2012 August 18, with a total exposure of ∼ 1.2 × 1011 cm2 s at 2 GeV. The LAT
was operated in sky-survey mode nearly continuously. In this observing mode, the LAT scans the whole sky
every two orbits (∼ 3 hr), obtaining complete sky coverage and approximately uniform exposure.
We used the standard LAT analysis software, ScienceTools version v9r30, publicly available from the
Fermi Science Support Center (FSSC)1. We used the post-launch instrument response functions (IRFs)
P7V6 (Ackermann et al. 2012) and applied the following event selection criteria: (1) events should be clas-
sified as “Source” class, (2) the reconstructed zenith angles of the arrival direction of γ rays should be
smaller than 100◦ to minimize the contamination from Earth-limb γ-ray emission, and (3) only time inter-
1Software and documentation of the Fermi ScienceTools are distributed by Fermi Science Support Center at
http://fermi.gsfc.nasa.gov/ssc.
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vals when the center of the LAT field of view is within 52◦ of the local zenith, are accepted to further reduce
the contamination by Earth’s atmospheric emission. The γ-ray burst GRB 100826A (McEnery & Omodei
2010) occurred within the region used for the analysis in this paper. However the event data are not included
because they do not satisfy the above criteria (3). Thus, we did not need to apply any additional time cut.
Two different tools were used to perform the spatial and spectral analysis: gtlike (in binned mode)
and pointlike. gtlike is a standard maximum-likelihood method (Mattox et al. 1996). pointlike
is an alternate binned likelihood technique, optimized for characterizing the extension of a source, that has
been extensively tested against gtlike (Lande et al. 2012).
3. Analysis and Results
3.1. Morphological Analysis and Source Position
Here, we analyzed the morphology of high energy γ-ray emission in the vicinity of W28. We made
a counts map in the 10–100 GeV energy band to take advantage of optimal angular resolution and weaker
Galactic diffuse emission. Figure 1 shows the map in a 10◦× 10◦ region around W28. Emission around
W28 can be clearly seen against the Galactic diffuse emission. There are two LAT sources in the vicinity of
W28 in the 2FGL catalog (Nolan et al. 2012): 2FGL J1758.8−2402c and 2FGL J1800.8−2400.
Figure 2 shows a close-up view of the LAT counts map, superimposed on the H.E.S.S. significance
map (Aharonian et al. 2008) and the radio image by the Very Large Array (VLA; Brogan et al. 2006).
Multiple spatial associations are evident, allowing GeV and TeV emission to be correlated: between the
northern part of W28 and HESS J1801−233, between 2FGL J1758.8−2402c and HESS J1800−240C, and
between 2FGL J1800.8−2400 and HESS J1800−240B (Aharonian et al. 2008). GeV γ rays also overlap with
HESS J1800−240A although there is no 2FGL source there. We also found an additional GeV source to the
west beyond the observed TeV emission. Note that this γ-ray source cannot be seen clearly below 10 GeV.
Here we will refer to the GeV emissions coincident with the two TeV γ ray sources as HESS J1800−240B
and 240C, and to the western GeV emission as Source W. In the VLA image, Source W overlaps with the
western shell of W28 whereas 240B and 240C overlap with radio emission unrelated to W28: H II region
W28A2 (G5.89−0.39) and SNR G5.71−0.08 (Brogan et al. 2006), respectively.
In order to evaluate the morphology of the GeV emission around W28, we fit models to the data
using the maximum likelihood framework with pointlike. The likelihood is the product of the prob-
abilities of observing the γ-ray counts within each spatial and energy bin for a specified emission model.
The best parameter values are estimated by maximizing the likelihood of the data over the set of mod-
els (Mattox et al. 1996). The probability density function for the likelihood analysis includes (1) individual
sources detected in the 2FGL catalog within 15◦ of W28, (2) the Galactic diffuse emission resulting from CR
interactions with interstellar medium and radiation based on the LAT standard diffuse background model,
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gal_2yearp7v6.fits available from the FSSC2, and (3) an isotropic component to represent extra-
galactic γ rays and residual CR background using a tabulated spectrum written in iso_p7v6source.txt
also available from the FSSC. The region of interest for the binned maximum likelihood analysis based on
Poisson statistics3 was a square region of 16◦× 16◦ in Galactic coordinates centered on W28 with a pixel
size of 0.◦1.
First, we determined the strength of the diffuse γ-ray emission around W28. To take advantage of the
narrower PSF at higher energies, we analyzed data from 2 to 100 GeV. To account for any effects from
nearby sources on the fit, we set free the normalization and spectral index of a power-law model applied to
the Galactic diffuse emission and the locations and spectral normalizations of all 2FGL sources within 4◦ of
the direction of W28. To represent the emission near Source W more accurately, the spectral parameters of
W28, HESS J1800−240B and 240C were also set free. All parameters of the sources beyond 4◦ were fixed
to the values in the 2FGL catalog. After the fit, the spectral parameters except for 240B and 240C were fixed
to the values obtained in the above analysis. We used a uniform disk model as the spatial template of W28,
as in the 2FGL catalog. Fitting the extension and position of W28 gave consistent results with those in the
catalog. We substituted the H.E.S.S. significance map of HESS J1801−233 (Aharonian et al. 2008) for the
template and found that it cannot represent the GeV emission from W28.
We performed a series of maximum likelihood fits to investigate the GeV morphology around W28,
adopting a power-law spectral form for all sources of interest. First, we added Source W as a point source and
varied its position. As a result, we obtained the resulting maximum likelihood value for three point sources
composed by 240B, 240C, and Source W (L3p) with respect to that for the no-source hypothesis (L0). The
likelihood ratio, −2ln(L0/L3p) (12 degrees of freedom) of ≈ 335, was substantially better than that obtained
for a model containing only the two point sources 240B and C, −2ln(L0/L2p) (8 degrees of freedom) ≈ 293,
where L2p is the likelihood for the two sources with the optimized positions (see Table 1). We therefore
concluded that Source W is significantly detected. Note that the locations of the other two sources do
not significantly differ from those in the 2FGL catalog. Then we added a point source at the peak of the
TeV emission 240A. The obtained likelihood ratio increased by ∼ 29, so we concluded that 240A is also
significantly detected. In addition we substituted the four point sources model with a morphological model
composed by Source W in addition to the H.E.S.S. significance map. The map was divided into individual
sources 240A, 240B, and 240C with separate spectral parameters whose boundaries were determined from
the apparent TeV morphology. For the latter we extracted the regions above 4σ to avoid the background
fluctuations. The resulting maximum likelihood ratio of≈ 383 (11 degrees of freedom) is larger than that of
the four point sources model. Thus, we concluded that the best-fit model for the GeV emission is provided
by including the H.E.S.S. template and a separate source Source W, and used this model for the spectral
2The model can be downloaded from
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
3As implemented in the publicly available Fermi Science Tools. The documentation concerning the analysis tools and the
likelihood fitting procedure is available from
http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/.
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analysis. Note that this result holds even if the extraction threshold for the template extraction from the
H.E.S.S. significance map is changed by ±1σ.
Source W is consistent with a newly detected point source. The upper limit on its radius, assuming
a uniform disk spatial model, was 4′ at 68% confidence level. The position of Source W in J2000 was
obtained as (R.A., decl.) = (17h58m.2, −23◦42′.3) with an error radius of 0.◦033 at 68% confidence level. We
found no other obvious multiwavelength counterparts to GeV sources, such as pulsars and blazars, within
the positional error radius of 0.◦054 at the 95% confidence region. We tested the possibility that Source W is
a background active galactic nucleus, such as a blazar, which typically has a longer variability time scale
of the γ-ray flux than a few months. Although Source W is not bright enough to investigate the variability
on monthly time scales, we can expect that the test statistics (TS) of Source W slowly increases each year
if the source is steady. Indeed, we found that its TS gradually increases with time. However, it remains
possible that Source W may be a γ-ray blazar with repetitive yearly activity. We also could not exclude the
possibility that Source W is a γ-ray pulsar due to the lack of photon statistics for a pulsation search.
3.2. Energy Spectrum
For the spectral analysis of LAT sources in this region, we used the maximum likelihood fit tool,
gtlike. Each source was modeled as a simple power-law function dN(E)dE ∝ E
−α for the fit. The obtained
spectral index of 2.77 ± 0.06 and flux level for W28 were in agreement with the previous result reported
by Abdo et al. (2010c), but the spectral energy distribution is not shown here because we focus on the
sources near W28. Figure 3 shows the resulting spectral energy distribution for each source along with 68%
confidence regions. We show the best-fit model of HESS J1800−240C obtained by Aharonian et al. (2008)
as an upper limit for Source W in the TeV range (see Figure 3(d)). The obtained spectral indices and TS
values are shown in Table 2. The spectral index of HESS J1800−240B obtained here is consistent within the
uncertainties with Source S in Abdo et al. (2010c).
The LAT spectra of 240B and 240C smoothly connect to the H.E.S.S. measurements, while 240A has
a slightly harder spectral index than the value of 2.55 ± 0.18 found by H.E.S.S. (Aharonian et al. 2008).
Thus, 240A is expected to have a spectral break in the GeV to TeV range. However, a simple power-law
spectrum with a lower flux and softer spectral index at the 1σ level away from the LAT best-fit values is
consistent with the H.E.S.S. spectrum. This result is different from that presented in Abdo et al. (2010c)
where it was shown that 240A has a spectral break in the LAT band. This might be caused by the difference
in source extension or an improved understanding of the diffuse background models. Source W also can be
expected to have a spectral break in the GeV to TeV band from Figure 3(d). We fitted the LAT spectrum
with a power-law with an exponential cutoff. However, no clear evidence for a break was found from the
GeV data alone.
We considered the systematic errors due to the extraction threshold of the H.E.S.S. significance map, the
uncertainty of the GeV γ-ray morphology of W28, the LAT effective area, and the modeling of interstellar
emission. We evaluated the systematic errors associated with the H.E.S.S. map by changing the nominal
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threshold of 4 σ that we used to extract the morphology templates, as explained in Section 3.1, by ± 1 σ. To
account for imperfections in the spatial model describing the morphology of W28 (see Figure 2), we divided
the uniform disk into 4 quadrants to represent the morphology more accurately and estimated systematic
errors. The uncertainties in the LAT effective area are 5% at 516 MeV and 10% above 10 GeV, linearly
varying with the logarithm of energy between those values (Ackermann et al. 2012). We estimated the
systematic errors induced in the source flux by repeating the analysis with two sets of modified IRFs where
the effective area was scaled up and down by its uncertainty.
In order to evaluate the systematic uncertainties due to the interstellar emission model, we compared the
results obtained using the standard model in Section 3.1 with the results based on eight alternative interstellar
emission models as performed in Ackermann et al. (2013) and de Palma et al. (2013). We varied some of the
most important parameters of the interstellar emission models, namely the uniform spin temperature used to
estimate the column densities of interstellar atomic hydrogen (150 K and 105 K), the vertical height of the
CR propagation halo (4 kpc and 10 kpc), the CR source distribution in the Galaxy (the pulsar distribution
by Lorimer et al. 2006 and the SNR distribution by Case & Bhattacharya 1998). We replaced the standard
isotropic background and Galactic interstellar emission models with the alternative ones for the spectral
analysis. In this procedure, we fixed the isotropic background spectrum while the normalization of the
interstellar model components were left free. The combined systematic errors on the spectral indexes and
the spectral shapes considering the above uncertainties are shown in Table 2 and Figure 3, respectively.
4. Discussion
4.1. HESS J1800−240A, B, and C
Three GeV γ-ray sources are found to be spatially coincident with the TeV sources HESS J1800−240A,
240B, and 240C. They are likely to be steady sources and overlap with molecular clouds. This suggests that
the GeV–TeV γ-ray emission may be produced by pi0 decay originating from the interaction between the
clouds and CRs which were accelerated in and escaped from the SNR. Alternatively, the three H.E.S.S.
sources may be unrelated to W28, but still close to the molecular clouds. Since there is no clear TeV
counterpart to Source W, we will discuss its origin in the following subsection.
4.1.1. Individual Known Sources
First we consider whether the three H.E.S.S. sources may be explained by individual sources unrelated
to the runaway CRs from W28. HESS J1800−240A is coincident with two H II regions, G6.1−0.6 (Kuchar & Clark
1997) and G6.225−0.569 (Lockman 1989), that contain young massive stars which might contribute to the
γ-ray emission. 240B is associated with the clouds containing the ultra-compact H II region W28A2, con-
taining a massive star in a very young phase of evolution. W28A2 exhibits energetic bipolar molecular
outflows (Harvey & Forveille 1988; Acord et al. 1997; Sollins et al. 2004) which arise from the accretion of
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matter by the progenitor star. Abdo et al. (2010c) concluded that GeV γ-rays can be explained by pi0-decay
and bremsstrahlung. The kinetic energy of the outflow is 3.5 × 1046 erg and the dynamical timescale is a
few 103 yr, with the matter density as high as 107 cm−3 (Klaassen et al. 2006), although there is no model to
explain multi-TeV particle acceleration in such H II regions. 240C is spatially coincident with the radio-faint
SNR G5.71−0.08 (Brogan et al. 2006), which was suggested to be interacting with a molecular cloud due
to the detection of an OH maser (Hewitt et al. 2009). Its distance is estimated to be either 3.1 or 13.7 kpc
based on the maser velocity. Therefore, it is not conclusive that the origins of the H.E.S.S. sources are stellar
objects, or otherwise unrelated to SNR W28.
4.1.2. Cosmic-Ray Escape Model
We now explore the possibility that the three H.E.S.S. sources are attributed to the pi0-decay γ rays
from molecular clouds illuminated by the escaping particles accelerated in W28. Attempts to constrain
the diffusion coefficient of the runaway CRs have been made recently using the GeV–TeV spectrum of
HESS J1800−240B and the TeV data with upper limits in the GeV band (e.g., Gabici et al. 2010; Li & Chen
2010). We can expect that the diffusion coefficient may be more tightly constrained by spectral modeling
using the GeV–TeV spectra of the H.E.S.S. sources presented in this work.
The CR escape scenario generally assumes that particles accelerated in the SNR are gradually released
into the ambient medium. Here we assume an energy-dependent release of accelerated particles after the
time tST when the SNR enters the Sedov phase (e.g. Gabici et al. 2009; Ohira et al. 2011). To estimate the tST
of W28, we adopt the following parameters; the typical kinetic energy released by the supernova explosion
ESN = 1051 erg and the ejecta mass Mej = 1.4 M⊙. Assuming evolution in the uniform intercloud gas with
a hydrogen number density of 2 cm−3 (Reach et al. 2005), the Sedov phase started around t = tST ≃ 310 yr
when the radius of W28 was rST ≃ 2.4 pc.
Let us consider the diffusion process of CRs from SNRs. We assume that CRs with a momentum p
can escape from an SNR at a time t = tesc(p) when the SNR radius reaches Resc(p). tesc(p) becomes larger
for the CRs with lower momentum and is assumed to depend on momentum as a power law, starting with
tesc(pmax) = tST as follows (Gabici et al. 2009; Ohira et al. 2011):
tesc(p) = tST
(
p
pmax
)
−1/χ
. (1)
Using the Sedov-Taylor solution and Equation (1), one finds Resc(p) = rST(p/pmax)−2/5χ. Here we adopt the
maximum momentum of the particles pmax = 1015 eV c−1 (reached at tST) and χ = 3, following Gabici et al.
(2009) and Ohira et al. (2011). Assuming the age of W28 is 4 × 104 yr, the SNR is currently releasing CRs
with p ≃ 0.5 GeV c−1.
The momentum spectrum of the runaway CRs integrated over the SNR expansion is expected to have
the form Nesc(p) ∝ p−s and s ∼ 2 if the maximum momentum of the CRs confined in the SNR is a power-
law function of time such as Equation (1) (e.g., Ptuskin & Zirakashvili 2005). However, the index of the
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spectrum could be different from s = 2 since it depends on the time history of acceleration efficiency and
maximum energy (Ohira et al. 2010; Caprioli et al. 2010). Assuming that particles are injected into DSA
from the thermal plasma at the downstream of the SNR shock (Malkov & Voelk 1995) and χ = 3, the value
of s is changed to be ∼ 2.2 (Ohira et al. 2010). We parameterize the total spectrum of CRs injected into the
interstellar space as
Nesc(p) = kesc p−2.2 exp(−p/pmax). (2)
The spatial distribution of the escaped CRs n(p,r, t) at a time t after the supernova explosion and at a
distance r from the SNR center is described by the well-known diffusion equation for the point source case,
and it can be solved using the method developed by Atoyan et al. (1995). Considering the escape from the
surface of the expanding SNR shell, Ohira et al. (2011) provided the analytical solution of n(p,r, t) as:
n(p,r, t) = Nesc
4pi3/2RdRescr
[
e−(r−Resc)
2/R2d
− e−(r+Resc)
2/R2d
]
, (3)
where
Rd(p, t) ≡ 2
√
DISM(p)[t − tesc(p)]. (4)
DISM(p) is the diffusion coefficient of the interstellar medium and is often parameterized with a power-law
energy dependence as below:
DISM(p) = 1027D27
( p
10 GeVc−1
)δ
cm2 s−1, (5)
where D27 is the normalization constant.
4.1.3. Spectral Modeling to Constrain the Diffusion Coefficient
To minimize the manual scanning of the parameters for constraining of the diffusion coefficient when
modeling the other clouds, we first consider the spectrum of the γ-ray emission towards the molecular
cloud around HESS J1800−240B because its GeV–TeV spectrum is the best determined among the three
sources. We adopt 1.9 kpc for the distance from the Earth to W28. Only CR protons are taken into account
since the leptonic emission is unimportant in the case of an electron to proton ratio of 0.01, as in the local
CR abundance. The γ-ray spectrum from pi0 decays produced by the interaction of protons with ambient
hydrogen is scaled by a factor of 1.84 to account for helium and heavy nuclei in the target material and the
CR composition (Mori 2009). The mass of the cloud MB responsible for 240B is found to be 7.0 × 104 M⊙
by the NANTEN CO (J=1–0) data for the velocity range from 0 to 20 km s−1 (Aharonian et al. 2008).
Because the distance from the SNR center, r, cannot be well determined, we treated it as a free parameter.
We adopted the center of the radio boundary shown in Figure 2(b) as the SNR center. The minimum r is the
projected distance 20 pc derived from the angular distance between the SNR center and the peak of the TeV
emission. From the above assumptions, our model has four adjustable parameters: r, D27, δ, and kesc which
is the normalization of the CR spectrum.
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The runaway CR spectrum has two cutoffs whose energies are determined as (r − Resc)2/R2d and (r +
Resc)2/R2d from Equation (3) and Rd depends on D1/227 from Equations (4) and (5). Then, as the value of D27
becomes small, the cutoff energies shift to higher energies. Consequently, for a small value of D27, the model
spectrum of the γ-ray emission conflicts with the observed GeV spectrum, and the lower limit obtained is
∼ 0.5. In this case, r must be almost the same value as the projected distance, the minimum r, because
the cutoff energies also move to higher energies with increases in r. On the other hand, δ is constrained
to be 0.20–0.35 to fit the spectrum above the higher cutoff energy as shown in Table 3. Figure 3(a) shows
the γ-ray model curve with D27 = 0.5, δ = 0.35 and r = 25 pc. The γ-ray emission from the Galactic CRs,
calculated based on the proton spectrum in Dermer (1986), is also plotted to show the expected background
emission. Even if the interstellar emission model does not reproduce the background emission from local
clouds completely, it is not a large fraction of the observed residual emission. The upper limit on D27 is
constrained by the amount of escaped CRs, Wp, because the normalization of the spectrum of the particles
depends on kesc/Rd ∝ kesc/D1/227 from Equations (2), (3), (4) and (5). Here we assume the upper limit of Wp
is 1050 erg, which is 10% of ESN. We try to fit the γ-ray spectrum with D27 = 1, 5, and 10, respectively. D27
is found to be below ∼ 5 (see Figure 3(a)) since the required Wp exceeds the upper limit using D27 = 10. The
value of δ is constrained to be slightly smaller (0.1–0.25) than with D27 = 0.5. A similar result was obtained
for IC 443 by Torres et al. (2010). The variation of δ for 0.5<D27 < 5 is given in Table 3. The lower limit of
Wp is obtained with D27 = 0.5 and the minimum r, as the spectral normalization is proportional to kesc/D1/227 r
from Equations (2)–(5). Using δ = 0.20, the resulting value of Wp is 0.4 × 1049(MB/7.0 × 104 M⊙)−1 erg.
To investigate whether the emission from 240A and 240C can be interpreted within the same CR escape
scenario, we modeled the γ-ray spectra considering the range in the diffusion coefficient obtained for 240B.
The minimum r for 240A and 240C are derived from the projected distances of 21 pc and 24 pc, respectively.
Their spectra can be fitted with models using the same diffusion coefficient, except for the case of D27 = 5
(see Table 3). The model curves with D27 = 0.5 and δ = 0.35 for 240A and 240C are shown in Figures 3(b)
and (c), respectively, with the allowed ranges of r for each combination of the diffusion coefficient and
are shown in Table 3. The masses of the clouds MA and MC towards 240A and 240C are estimated to be
about 2.3 × 104 M⊙ and 1.4 × 104 M⊙ using NANTEN CO (J=1–0) data by Aharonian et al. (2008) and
Nicholas et al. (2012), respectively. Using D27 = 0.5 and δ = 0.20, we obtained the lower limits of Wp for
240A and 240C as 1.0 × 1049(MA/2.3 × 104 M⊙)−1 erg and 1.9 × 1049(MC/1.4 × 104 M⊙)−1 erg, respec-
tively. The different Wp resulting from assuming the same diffusion coefficient among the three H.E.S.S.
sources may be explained by different fractions of the cloud mass responsible for the γ-ray emissions. With
D27 = 5, δ is constrained to be 0.1–0.15. The model curve with δ = 0.1 is also shown in Figures 3(b) and (c).
By combining the results for the three H.E.S.S. sources, the diffusion coefficient for the runaway CRs
from W28 is constrained to be 0.5 . D27 . 5 and 0.1 . δ . 0.35, with a negative correlation between them
as shown in Table 3. The lower limit of Wp is obtained to be 1.9× 1049 erg. The value of r becomes larger as
either D27 or δ increase. However, all clouds cannot be located beyond three times their projected distances
(see Table 3).
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4.1.4. Uncertainty of the Diffusion Coefficient
We also evaluate the uncertainty of the diffusion coefficient by changing the values of the following
parameters; the age of W28, the explosion energy, and the time when the Sedov phase starts. Doubling
the SNR age changes the range of D27 to be 0.5–10 while halving changes it to be 0.1–1. To take into
account the uncertainty in ESN, we adopt 4 × 1050 erg as the lower limit because this value was obtained
by Rho & Borkowski (2002) with the caution of possible underestimation. Assuming that the upper limit
of Wp is 10% of the ESN, D27 is constrained to be less than 1. In this case, δ slightly changes to the harder
value of 0.1–0.2 at D27 = 1 than those obtained above (see Table 3). The ambient matter density may also be
different from 2 cm−3. If W28 originates from a core-collapse supernova, the progenitor makes a cavity into
which the SNR initially expands, and the time tST when CRs start to escape will change. Adopting a matter
density of 0.1 cm−3 changes tST to ∼ 840 yr . Although the spectral break shifts to higher energy, the model
curve with each value of D27 still does not conflict with the observed spectrum. In summary, the diffusion
coefficient does not depend strongly on the choice of the parameters.
Moreover, there is uncertainty of the ejecta mass. If we adopt Mej = 7 M⊙ which is likely in core-
collapse supernovae, tST becomes∼ 1100 yr which is longer than that with Mej = 1.4 M⊙. Consequently, the
γ rays around 2 GeV could be no longer explained by the CR escape scenario because, based on Equation (1),
particles with the momentum lower than about 10 GeV cannot escape. Thus, it is possible to reproduce all
components of the γ-ray emission if the ejecta mass is small but it would be difficult with masses larger than
7 M⊙.
4.2. W28
The γ-ray emission from the northeastern part of W28 may also originate from the CR escape scenario.
We tried to model the γ-ray spectrum using the same scenario that we applied to the H.E.S.S. sources.
Here, r was fixed to the SNR radius of 13 pc from the radio boundary. The mass of the cloud responsible
for the emission MNE is estimated to be 5 ×104 M⊙ by Aharonian et al. (2008). The model curves with
D27 = 0.5 and 1 reasonably reproduce the observed spectrum when δ = 0.35. Thus, the emission is con-
sistent with the CR escape scenario. However, there are also two other possible scenarios to explain the γ
rays: (1) CRs remaining at the SNR shell contribute to the emission because this place is the interaction
site of W28 with molecular clouds and (2) the emission comes from the reaccelerated CRs in the crushed
cloud (Uchiyama et al. 2010). In the first scenario, γ rays above 2 GeV are emitted by particles above
10 GeV c−1, which should have escaped from the SNR shell because Resc for these particles is ∼ 11 pc,
which is smaller than the SNR radius. However, Resc is proportional to M1/3ej and n
−1/3
0 , and given the un-
certainties in these quantities may be larger than 13 pc. Therefore we cannot rule out that these CRs remain
within the SNR, and do not use the model results for the northeastern part of W28 to further constrain the
diffusion coefficient.
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4.3. Source W
Source W is separated from the TeV emission, having no obvious counterpart except for the radio
emission of W28. One possibility is that the γ rays come from the particles accelerated and confined in the
SNR shell. The different γ-ray spectral shape compared with the northeastern boundary of W28, shown in
Section 3.2, might be due to the difference of the particle spectrum if the γ rays from the northeastern region
also come from the CRs confined in the SNR shell. Since the environment around Source W is expected to
be more tenuous than that of the northeastern boundary (see Figure 2 in Aharonian et al. 2008), the effects of
damping of magnetohydrodynamic turbulence due to ion-neutral collisions (Drury et al. 1996) could operate
differently causing a break in the spectrum of accelerated particles at higher energy (> 100 GeV). A harder
radio spectral index is found around Source W (Dubner et al. 2000), which may support this scenario.
Another possibility is that the emission originates from the interaction between molecular clouds and
the runaway CRs from W28. Source W overlaps clouds in the velocity range from 0 to 20 km s−1 (see
Figure 2 in Aharonian et al. 2008). The total cloud mass, MW, is estimated to be about 3500 M⊙ from
the NANTEN CO (J = 1−0) data (Mizuno & Fukui 2004; Takeuchi et al. 2010) assuming the same velocity
range and a cloud radius of ∼ 3 pc derived from the upper limit of the extension of the γ-ray emission.
We perform modeling of the γ-ray spectrum in the same manner as in Section 4.1.3, considering the range
of the diffusion coefficient obtained there. The lower limit of r is the projected distance of 16 pc. Using
D27 = 5, the model cannot reproduce the spectrum as shown in Figure 3(d) and Table 3, because the required
Wp exceeds 1050 erg. Therefore, D27 is constrained to be the smaller range 0.5–1 than that obtained for the
three H.E.S.S. sources. On the other hand, δ is also tightly constrained to be 0.1–0.25 with D27 = 1. The
lower limit of Wp is 3.2 × 1049(MW/3.5 × 103 M⊙)−1 erg with D27 = 0.5 and δ = 0.2. From these results,
the four γ-ray sources around W28 can all be explained by CR escape from the SNR with a single diffusion
coefficient with D27 ≃ 0.5 and δ ≃ 0.35.
4.4. Interpretation of the Obtained Diffusion Coefficient
The obtained values for D27 and δ are smaller than those based on the Galactic CR propagation model:
D27 ∼ 10 and δ ∼ 0.6 (Ptuskin et al. 2006; Delahaye et al. 2008). D27 is also smaller than that of W44
derived by Uchiyama et al. (2012), where is 1 < D27 < 30. For an SNR in a dense environment, D27 is
expected to be as low as ∼ 0.1 (Ormes et al. 1988) and to depend on the magnetic field strength in the
molecular cloud into which the runaway CRs propagate (Gabici et al. 2007). D27 and δ would also be
affected by the amplification of Alfve´n waves generated by the escaping CRs (Fujita et al. 2011). The value
of δ depends on the assumption of the spectral index of the accelerated particles in the SNR, which is related
to the time history of acceleration efficiency and maximum energy as mentioned above. The hard spectrum
of the runaway CRs might indicate a harder spectral index than 2.0 for the CRs accelerated in W28 and
it is suggested to be 1.7 based on the radio synchrotron spectrum (Dubner et al. 2000). Non-linear shock
modification caused by the efficient CR acceleration can produce such a hard spectrum (e.g., Baring et al.
1999).
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The value of δ is also strongly dependent on assumptions about the evolution of the accelerator. If an
SNR continuously accelerates particles even after the free expansion phase, the spectral index of the escaped
particles above the cutoff energy s′ is s+δ. This is smaller by a factor of δ/2 than in the case of an impulsive
source (Aharonian et al. 2008) which is very similar to our assumption for W28, i.e., the value of δ becomes
larger by a factor of 1.5 than our result. However, it is difficult to adapt this scenario to W28. The SNR
is considered to be in the radiative phase with a shock velocity of less than 100 km s−1 (Rho & Borkowski
2002), and cannot produce multi-TeV particles. Therefore, the value of δ around W28 must be smaller than
that of the Galactic CR propagation model.
5. Conclusion
We analyzed the GeV γ-ray emission in the vicinity of SNR W28 using 4 years of LAT data. We
detected GeV γ rays spatially coincident with the TeV sources HESS J1800−240A , B, and C, located south
of the radio boundary of W28. Their spectra in the 2–100 GeV band are consistent with the extrapolation of
power-law emission from the TeV γ-ray sources. We also detected GeV emission from Source W, located
outside the boundary of the TeV emission and coinciding with radio emission from the western shell of W28.
All of the GeV γ-ray sources overlap with the molecular clouds in the velocity range from 0 to 20 km s−1.
Assuming that the γ-ray emissions from the three H.E.S.S. sources are due to the decay of pi0s produced
by the interaction of the molecular clouds with CRs escaping from W28, the GeV–TeV spectra can naturally
be explained by a single model. We constrain the diffusion constant at 10 GeV c−1 and the power-law
index of the energy dependence to be 0.5–5 × 1027 cm2 s−1 and 0.1–0.35, respectively, with a negative
correlation between them. These values are smaller and harder than those of the Galactic CR propagation
model. Considering the masses of the molecular clouds responsible for the emission, the lower limit on the
total energy of the escaped CRs is constrained to be ∼ 2 × 1049 erg, in agreement with the conjecture that
SNRs are the main sources of the Galactic CRs. The γ rays from Source W can be also interpreted to be the
emission originating from the interaction of the runaway CRs and molecular clouds with the same diffusion
coefficient as obtained for the H.E.S.S. sources.
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Fig. 1.— Fermi LAT 10–100 GeV count map around W28. The count map is smoothed by a Gaussian
kernel of σ = 0.◦20. The pixel size is 0.◦05. The green circles and crosses indicate the extended and point
sources in the 2FGL catalog (Nolan et al. 2012), respectively. The white line from top left to bottom right
indicates the Galactic plane.
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Fig. 2.— The LAT count map between 10 and 100 GeV around W28 superimposed on (a) H.E.S.S. and
(b) VLA contours. The maps have a pixel size of 0.◦05 and are smoothed by a Gaussian kernel of σ = 0.◦20.
The inset of each figure shows the simulated LAT PSF with a photon index of 2.5 in the same energy
range, adopting the same smoothing. Locations of 2FGL catalog sources included in the emission model
are indicated with black marks; circle for W28, left-hand cross for 2FGL J1800.8−2400, and right-hand one
for 2FGL J1758.8−2402c, respectively. A blue x indicates the best-fit position of Source W. Blue diamonds
on the left indicate H II regions: G6.1−0.6 (Kuchar & Clark 1997) and G6.225−0.569 (Lockman 1989).
The blue diamond on the right is W28A2 (see the text). The white diamond indicates the OH maser spot
associated with G5.71−0.08 (Hewitt et al. 2009). Green contours in panel (a) show the H.E.S.S. significance
map for TeV γ rays at 20, 40, 60, and 80% levels (Aharonian et al. 2008). Bright TeV spots in the south are
HESS J1800−240A, B, and C as indicated in the figure. Green contours in panel (b) indicate the VLA 90 cm
image at 5, 10, and 20% of the peak intensity (Brogan et al. 2006). Outer boundaries of SNR W28 and
G5.71−0.08, as determined from the radio images, are drawn as white dashed circles.
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Fig. 3.— The GeV-TeV spectral energy distributions of (a) HESS J1800−240B (b) 240A, (c) 240C, and
(d) Source W, respectively. The red regions are the 68% confidence range of the LAT spectra. The black
regions show the combined systematic errors. The black circles show the data points for the H.E.S.S.
measurement (Aharonian et al. 2008). In panel (b), the best-fit model of 240B obtained by Aharonian et al.
(2008) is shown as an upper limit in the TeV range. In each panel, the blue solid, dotted, and dashed-dotted
lines show the model curves with (a) (D27, δ, r) = (0.5, 0.35, 25 pc), (1, 0.1, 20 pc), and (5, 0.1, 20 pc),
respectively, (b) (D27, δ, r) = (0.5, 0.35, 30 pc), (1, 0.1, 21 pc), and (5, 0.1, 21 pc), respectively, (c) (D27, δ,
r) = (0.5, 0.35, 30 pc), (1, 0.1, 24 pc), and (5, 0.1, 24 pc),respectively, (d) (D27, δ, r) = (0.5, 0.35, 25 pc), (1,
0.1, 16 pc), and (5, 0.1, 16 pc), respectively. The grey curve in each panel indicates the upper limit of the
γ-ray emission produced by the sea of Galactic CRs in the same CR-illuminated cloud.
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Table 1: Results of the morphological analysis of the γ-ray emission from the sources in the vicinity of W28
(2–100 GeV).
Model -2ln(L0/L)a Additional Degree of Freedom
W28 0 0
Two point sourcesb 293.1 8
Three point sourcesc 334.6 12
Four point sourcesd 363.5 16
H.E.S.S.e + Source W 382.9 11f
a2ln(L0/L), where L0 and L are the maximum likelihood for W28 with the 2FGL disk template and the additional source component,
respectively.
b2FGL J1800.8−2400 and 2FGL J1758.8−2402c in addition to W28 with positions free in the optimization.
cTwo point source model plus Source W with optimized position.
dThree point source model plus a point source model at the peak of HESS J1800−240A.
eH.E.S.S. significance map is used as a template for the intensity of the γ-ray emission.
f One degree of freedom for the choice of the threshold used for extraction of the regions.
Table 2: Power-law spectral indexes and test statistics for the LAT sources near W28 in the 2–100 GeV band.
Name Indexa TS
HESS J1800−240A 2.12 ± 0.23 ± 0.14 37
HESS J1800−240B 2.45 ± 0.19 ± 0.07 88
HESS J1800−240C 2.38 ± 0.23 ± 0.17 51
Source W 2.06 ± 0.20 ± 0.14 41
aThe first and second uncertainties listed represent the statistical and systematic errors, respectively.
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Table 3: The values of the diffusion coefficient of the escaping CRs and the distance from the SNR center to
each molecular cloud obtained by the spectral modeling for HESS J1800−240A, B, C, and Source W. The
spectra of all sources can be reproduced with a single diffusion coefficient with D27 ≃ 0.5 and δ ≃ 0.35.
240A 240B 240C Source W
D27 δ r (pc) Wp (1049 erg) r (pc) Wp (1049 erg) r (pc) Wp (1049 erg) r (pc) Wp (1049 erg)
0.5 0.35 30–40 3.3–10 25 1.0 30 4.3 25 10
0.3 25–35 2.3–4.9 20–25 0.5–1.0 24–30 2.1–4.8 20–25 5.4–10
0.25 21–35 1.3–4.2 20–25 0.5–0.8 24 2.1 16–25 3.2–7.5
0.2 21–30 1.0–2.3 20 0.4 24 1.9 16–25 3.2–5.4
0.15 21–30 0.8–2.0 N/A N/A N/A N/A 16–20 2.6–3.2
0.1 21–25 0.7–1.0 N/A N/A N/A N/A N/A N/A
1 0.35 40–45 8.2–10 30–35 2.1–2.7 35 8.1 N/A N/A
0.3 35–45 5.9–10 20–35 1.1–2.5 24–40 4.3–10 N/A N/A
0.25 30–45 3.9–8.2 20–30 0.9–1.6 24–35 3.2–6.4 25 10
0.2 25–45 2.3–7.5 20–30 0.8–1.5 24–35 2.7–6.7 20–25 7.5–10
0.15 21–40 1.6–4.7 20–25 0.6–0.9 24–30 2.1-3.8 16–25 5.4–7.5
0.1 21–40 1.1-4.9 20 0.5 24 2.0 16 3.9
5 0.35 N/A N/A N/A N/A N/A N/A N/A N/A
0.3 N/A N/A N/A N/A N/A N/A N/A N/A
0.25 N/A N/A 30–60 7.5–10 N/A N/A N/A N/A
0.2 N/A N/A 20–60 5.4–10 24 10 N/A N/A
0.15 30–45 6.4 20–60 4.0–10 24–35 10 N/A N/A
0.1 21–50 4.3–6.4 20–45 3.2–5.4 24–35 8.1 N/A N/A
